We study the photoluminescence ͑PL͒ properties of InAs/GaAs self-assembled quantum dots in a temperature range (Tϭ300-500 K) above that reported to date. Various power excitation densities were used, allowing us to identify the important contribution of nonradiative channels in quenching the dot PL as the temperature is increased. The role played by the wetting layer on the dot PL intensity has been investigated in samples in which the separation of the dot and wetting layer levels is tuned by post-growth annealing. This experiment reveals that, at a high temperature ͑Ͼ300 K͒, the relative population of the dot and wetting layer levels is given by a Boltzmann distribution. © 1999 American Institute of Physics. ͓S0003-6951͑99͒00432-5͔
In this letter, we describe the high-temperature (T ϭ300-500 K) photoluminescence ͑PL͒ properties of InAs self-assembled QDs embedded in a GaAs/͑AlGa͒As quantum well. This temperature regime, higher than those reported to date, allows us to identify clearly the main channels responsible for carrier depopulation of dot levels at typical device operation temperatures ͑у300 K͒. A study of the dot PL under various power excitation densities indicates the dominant role of nonradiative channels in the thermal quenching of the dot luminescence. We also investigate the role of the wetting layer ͑WL͒ formed beneath the dots in the redistribution of carriers with changing T. The analysis involves samples in which we vary the separation between the energy levels in the dots and in the WL. We find that the relative population of the dot and WL levels at high temperature ͑Ͼ300 K͒ is well described by the Boltzmann distribution and that the relative activation energy corresponds to the energy difference of the corresponding lines in the PL spectrum.
The structures investigated were grown by molecular beam epitaxy on ͑100͒-oriented GaAs substrates. First, a 0.7-m-thick GaAs buffer layer was grown at 600°C. Then the growth temperature, T G , was reduced to 500°C and three layers of dots ͑InAs thickness, Lϭ1.8 ML͒ were grown, each layer embedded in a Al 0.3 Ga 0.7 As/GaAs quantum well ͑QW͒ ͑see inset Fig. 1͒ . The GaAs QW and the Al 0.3 Ga 0.7 As barriers each have a width of 10 nm. A 25 nm GaAs capping layer completed the growth. The dot formation was controlled in situ by monitoring the reflection high-energy electron-diffraction pattern. Atomic force microscopy characterization of uncapped samples grown under the same conditions gave a dot density ϭ2ϫ10 11 cm Ϫ2 , average diameter dϭ15 nm and average height hϭ1.5 nm. The capped sample grown in this way is called S1. For samples S2 and S3, we applied a 30 min post-growth annealing under As overpressure at T A ϭ630 and 680°C, respectively. PL measurements were performed from room temperature ͑RT͒ (T ϭ300 K) up to Tϭ500 K. The optical excitation was provided by the 514.5 nm line of an Ar ϩ laser. The luminescence was dispersed by a 3/4 m monochromator and detected by a cooled Ge diode. Figure 1 shows the normalized PL spectra of the unannealed sample S1 at various temperatures. The low-and high-energy bands are due to carrier recombination in the dot ͑QD͒ and WL levels, respectively. The temperature range ͑300-500 K͒ shown in Fig. 1 allows us to resolve clearly the emission from the WL and to establish quantitatively its relative weight with respect to that of the dots at different T. Previously this has not been possible because of the limited range of temperature investigated ͑Ͻ300 K͒. 2, [6] [7] [8] [9] [10] [11] [12] [13] Also note that a clear luminescence signal persists up to 500 K. This high thermal stability can be attributed to the low level of thermal escape of carriers from the dots and the WL towards the two-dimensional levels of the GaAs/͑AlGa͒As QW.
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The effectiveness of this structure also has been exploited in a QD laser device in which we observe lasing action from the dots up to 400 K. 14 With increasing temperature, the overall PL intensity decreases and the relative weight of the WL emission increases with respect to that of the dots. Figure 2 shows the temperature dependence of the total integrated PL intensity for a variation of power densities ͑P͒ over more than two orders of magnitude. The stronger decay rate of the total luminescence with increasing T ͑dot and WL bands͒ for lower P indicates a carrier emission out of the InAs confined states toward nonradiative centers, which tend to saturate with increasing P. The nonradiative centers are probably located in the ͑Al-Ga͒As barrier layers which are grown at 500°C in order to avoid In segregation and desorption from the QDs. This growth temperature is well below the optimum value of ϳ600°C generally used for optoelectronic-grade a͒ Electronic mail: ppzap2@ppn1.nott.ac.uk APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 6 9 AUGUST 1999 ͑AlGa͒As. 15 The presence of nonradiative recombination centers makes a quantitative analysis of the thermal quenching of the dot PL rather complicated. In particular, the integrated intensity of the QD line alone cannot be modeled simply in terms of an Arrhenius plot with a well-defined activation energy. These results highlight the importance of nonradiative channels in determining the luminescence intensity and indicate the relevance of the power excitation in any analysis of the dependence of the dot luminescence on temperature. 13 The increasing intensity of the WL emission with respect to that of the dot with increasing temperature indicates a redistribution of carriers from the dots towards the twodimensional WL. The WL acts as a drain of carriers and possibly as an intermediate channel for carrier capture into nonradiative recombination centers. In order to investigate carrier recycling between the WL and the QDs, we studied the ratio, R, between the WL and the QD PL peak intensities for a set of samples, in which the energy separation between the QD and WL bound states is different for the different samples.
The inset of Fig. 3 ͑right side͒ shows the PL spectra recorded at Tϭ110°C and Pϭ15 W/cm 2 of sample S1 and of the two annealed samples S2 and S3. The dot luminescence undergoes a blueshift and a linewidth narrowing moving from sample S1 to S3. In contrast, the WL peak position does not change. Similar observations have been already reported by other groups 16 ,17 and we will not discuss them further here. In our investigation, the annealing is simply a means of tuning the energy separation, ⌬E PL , between the dot and WL energy position as measured from the PL spectra. The effect of different values of ⌬E PL is readily observed on the temperature dependence of R shown on the left side of Fig. 3 . Values of R may be fitted by A exp(Ϫ⌬E/k B T), where A is a constant. The best fit to the data gives ⌬Eϭ160, 110, and 40 meV for samples S1, S2, and S3, respectively. These values are in remarkable agreement with the experimental values ⌬E PL ͑see the insert of /k B T) . The fit value of ⌬E is reported in the figure for each sample. The insert shows the PL spectra at Tϭ383 K and Pϭ15 W/cm 2 for the samples studied. Also the energy distance between the WL and the QD PL band is shown.
Our data can be explained in terms of a quasiequilibrium distribution of carriers between the dots and the WL levels at high T. In fact, the QD ͑WL͒ PL intensity can be written as
where n and p are the electron and hole populations of the QD ͑WL͒ levels and B is a term given by the probability for radiative recombination. If both types of carrier obey Boltzmann statistics at the lattice temperature T, the ratio R ϭI WL /I QD can be rewritten as
where C e (C h ) is the ratio of the electron ͑hole͒ effective density of states of the wetting layer to that of the dots, ⌬E e (⌬E h ) is the energy spacing between the WL and QD electron ͑hole͒ levels, and ⌬E (ϭ⌬E e ϩ⌬E h ) corresponds to the energy difference between the electron-hole recombination in the WL and the dots. Since the T-dependence of B and C is much weaker than exponential, R can be approximated by exp(Ϫ⌬E/k B T), consistent with the results shown in Fig. 3 . This analysis remains valid when an excitonic recombination from the dots and the WL levels is considered. In this case, R can be described in terms of the relative population of two ͑excitonic͒ levels separated by ⌬E. Our analysis shows the important role played by the WL levels in thermal escape of carriers from the dots. This mechanism has to be taken into account, for example, in the realization of QD laser devices working at RT, where it is responsible for the increase of the threshold current density with temperature 5 and for the blueshift of the maximum laser gain from the dot toward the WL emission energy. 19 In conclusion, we have performed a study of the PL properties of self-assembled QDs at temperatures above 300 K. Our investigation reveals the importance of nonradiative channels in the decay of the total luminescence intensity and the importance of the power density employed in the analysis of the dot PL thermal quenching. A study performed on structures having different electronic properties reveals a carrier redistribution with temperature between the dots and the WL levels where the relative populations follow the Boltzmann distribution.
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